Mechanical and electronic properties of s-triazine are studied using first-principles calculations based on density functional theory. The in-plane stiffness and bulk modulus for s-triazine sheet are found to be less than that of heptazine. The reduction can be related to the nature of the covalent bonds connecting the adjacent sheets and the number of atoms per unit cell. The Poisson's ratio of s-triazine is half the value to that of graphene. Additionally, the calculated values of the two critical strains (elastic and yielding points) of s-triazine sheet are in the same order of magnitude to that for heptazine which was calculated using MD simulations in the literature. It is also demonstrated that s-triazine sheet can withstand larger tension in the plastic region. These results established a stable mechanical property for s-triazine sheet. We found a linear relationship of bandgap as a function of bi-axial tensile strain within the harmonic elastic region. The reduced steric repulse of the lone pairs (p x -, p y -) causes the p z -like orbital to shift to high energy, and consequently an increase in the bandgap. We find no electronic properties modulation of the s-triazine sheet under electric field up to a peak value of 10 V/nm. Such noble properties may be useful in future nanomaterial applications.
Introduction
s-triazine is one of the newly found allotropes of two-dimensional graphitic carbon nitride sheet with a chemical formula of C 6 N 6 per unit cell. It has been found to be dynamically and structurally stable by phonon calculation based on density functional theory (DFT) and molecular dynamic (MD) simulations respectively at ambient temperature [1] . The semiconducting property of s-triazine (g-C 6 N 6 ) is comparable to that of heptazine (g-C 6 N 7 ) in the absence of spin orbit coupling (SOC). Inclusion of SOC in DFT calculations of g-C 6 N 6 produces a topological invariant of Z = 1 [1] . This qualifies s-triazine material for quantum spin hall effect (QSHE) applications at a temperature less than 95 K [2, 3] .
In the last few years, much attention has been focused on theoretical understanding of geometric and electronic properties of pure and doped graphitic carbon nitride (CN) 2D allotropes [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, only few computational studies on modulations of mechanical and electronic properties under applied tensile strain of graphitic CN allotropes are available.
Very recently a full atomistic reactive MD simulation has shown that g-C 6 N 7 is mechanically stable at a maximum of 600K and has been found to exhibit less fractures under larger tensions. They also observe that the fracture pattern under larger tensions depends on the chemical bonds, density values, topologies and stretching directions [14] .
In our recent DFT calculations, we found that heptazine material can withstand large tension in the plastic region [15] . For in-plane stiffness (Young modulus), our previous result for heptazine is significantly higher than that reported in [14] . Our previous work also predicts increased bandgap caused by symmetric deformations as a result of applied bi-axial tensile strain within the elastic region [15] . It has also been reported that electronic and magnetic properties of graphitic triazine based CN (g-C 4 N 3 ) are modulated as a result of asymmetric deformations induced by uniaxial tensile strain [16] . Therefore, it will be interesting to investigate mechanical properties and strain-induced responses on electronic properties based on DFT calculations of s-triazine sheet as one of the allotropes of graphitic 2D CN sheet.
Calculation method
First-principles calculations have been carried out based on DFT [17] using the generalized gradient approximation (GGA) of Perdew-Burkew-Enzerhof (PBE) [18] functional as implemented in the QUANTUM ESPRESSO code [19] . To treat electron-ion core interaction ultrasoft pseudopotentials have been adopted for C, N atoms [20] . The plane wave cutoff energy up to 500 eV has been used. 10×10×1 Monkhorst-Pack special k-point set has been adopted for 2D Brillouin zone (BZ) integration [21] . Density of states have been computed with denser set of 18×18×1 k-points. To avoid interaction between the s-triazine sheet and its neighboring image in a perpendicular direction, a vacuum of about 16 Å was used. We consider a 1 × 1 pristine unit cell of s-triazine sheet containing 6 carbon and 6 nitrogen atoms. We have used our computed equilibrium lattice parameter for s-triazine of 7.13 Å which agrees well with the previously reported theoretical works [1] . The criteria of convergence for forces on each atom within Broyden-Fletcher-Goldfarb-Shanno (BFGS) and total energy were 0.002 eV/Å and 10−4 eV respectively.
Results and discussion
We first examine the optimized structural properties of the pristine s-triazine sheet. As shown in Figure. 1, each carbon atom is three-coordinated with two nitrogen atoms and a C atom linking to a separate s-triazine. Hence, the C atom in the s-triazine has a sp 2 -like hybridized structure. The N atoms are two-coordinated with sp 3 -like hybridized structure.
The optimized C-C bond length linking adjacent s-triazine unit is found to be 1.51 Å, which agrees well with the previous work [1] and tallies with the bond length of diamond of 1.52 Å. The angles formed by N-C-N (within the s-triazine rings) and N-C-C (within the cavity) are measured to be 125.68 • and 117.17 • respectively, confirming a σ-like orbitals sp 2 hybridized structure. The length of the C-N bond is slightly lower than the bond length of diamond, 1.34 Å; whereas the C-N-C angle at 114.33 • is slightly larger than 109.5 • found in diamond structure. These results are consistent with previous work [1] and suggestive of sp 3 -like hybridized structure of N atom.
We further validate the bonding nature of s-triazine sheet by plotting the charge density distribution which is shown in the right side of Figure. 1. The plot shows a denser contour around the N atoms, displaying superior electronegativity of N as compared to C atom.
The bond length weakening of C-C and stiffness of C-N are evidenced by the charge density values of 0.4632 and 0.579 (in a.u.) respectively. These results confirm the reliability of our computational parameters used.
Next we examine the mechanical properties/stabilities of the s-triazine sheet. The mechanical properties were carefully quantified using strain energy as a function of uni-and bi-axial tensile strains within a linear region ranging from -2% to 2% in a step of 0.005 as shown in Figures.2a, 2b . The in-plane stiffness (Young modulus) Y and Poisson's ratio ν were then evaluated via the following equations:
In-plane stiffness and Poisson's ratio:
where C 11 , C 12 denote the elastic constant, A 0 , E, and s are the equilibrium unit-cell area, strain energy and applied tensile strain. The calculated in-plane stiffness and Poisson's ratio are 1335.5 GPa·Å (= 133.55 N/m) and 0.08 respectively. The in-plane stiffness for s-triazine is approximately lower than that for heptazine [15] by 78.9 N/m and graphyne [22] by 57.41 N/m respectively. The reduced value of in-plane stiffness in comparison with heptazine can be related to the structural futures of the sheet in terms of bonds linking the adjacent striazine sheet, atomic configuration and the number of atoms per unit cell. On the hand, the estimated Poisson's ratio is exactly half the value of graphene reported in [23] . The bulk modulus is estimated from second derivative of the total strain energy as a function of area of the s-triazine sheet defined by Eq. (3),
where A, E and A m are the area of the s-triazine unit cell, the total strain energy and the unit cell area of the equilibrium structure respectively. Figure. 2c shows dependency of strain energy on area of s-triazine sheet. The estimated value for the bulk modulus is 82.8 N/m which is also lower than the value for heptazine sheet [15] . Overall, all the findings of mechanical properties values of s-triazine sheet are within the order of magnitude for heptazine sheet, clearly indicating that s-triazine is mechanically stable.
To examine the effect of mechanical strain on the structural stabilities of s-triazine sheet, we applied both uni-and bi-axial tensile strain s on the s-triazine sheet by gradually increasing the lattice constant which is expressed as s = ∆a/a 0 , where a 0 is the equilibrium lattice constant of the s-triazine sheet. In Figure. 3, we show strain energy (E) and first derivative ( ∂E ∂s ) of the strain energy of s-triazine sheet as functions of the uni-axial strain (in Figure  3a , 3b) and bi-axial strain (in Figure. 3c, 3d) respectively. It is observe in Figure. 3 that an increase in tensile strain (both uni-and bi-axial deformations) causes a corresponding change in the strain energy until it attains a constant value. Consequently, two critical points can be deduced for both uni-and bi-axial from Figures. 3b, 3d , (from the ∂E ∂s vs. s curves). First critical point (depicted by circled star) is the point below which ∂E ∂s grows linearly with tensile strain s (see Figures. 3b, 3d) . We denote the point of proportionality at which the strain energy increases linearly with increasing tensile strain by s m1 (see Figures. 3a, 3c) . Figure. 3b, 3d that beyond s m2 , the ∂E ∂s vs. s curve abruptly drops. We can infer that a permanent deformation of the system has occurred at s≥s m2 . This region is called plastic region.
We also verify the results of in-plane stiffness and Poisson's ratio obtained in previous paragraphs using harmonic potential of the form E = 1 2 ks 2 , where k =
. It is numerically evaluated by fitting the strain energy curves within the linear elastic region (see the Figures. 3a, 3c ). The computed results are listed in Table 2 . Accordingly, striazine sheet can exhibit stable mechanical properties and withstand longer tensions in the plastic region as was observed in heptazine sheet [15] .
In comparison, the two critical strains s m1 , s m2 calculated in this work show a significant improvement to that for heptazine calculated by us recently [15] . The main difference in critical strains between the s-triazine sheet in this work and that of heptazine sheet in [15] lies in the geometric configurations. We find that the adjacent s-triazine units are connected via a C-C bond which bond length is the same as that in diamond, whereas adjacent heptazine units are linked via C-N bonds. Thus the C-C bonds are relatively stronger than the C-N bonds. It also interesting to note that despite the discrepancy in critical strains, both sheets (s-triazine and heptazine) can withstand larger tension in their plastic regions.
While we find some differences in values of the calculated critical strains and the mechanical properties of s-triazine in this work and heptazine reported in [15] , de Sousa et al. recent work reported some numerical results which are not much different from our present work [14] . In their molecular-dynamics (MD) calculations, ReaxFF forcefield is employed to model the interactions between the heptazine atoms. Opposed to being isotropic, as is assumed in this work, they consider anisotropic heptazine sheet. They calculated critical strains at various temperatures whereas our DFT calculations assume that temperature is implicitly set at 0 K. It is found that the critical strain reported in their work at 10 K agrees with our present result, i.e., it is 0.149 along the (armchair x-axis), while that along the zigzag (yaxis), 0.178. Their computed values are at the order or magnitude as our calculated critical strains s m2 . We expect that the value should agree with their estimations since their critical strains are set at the point where fracture starts. Of another special interest is the Young modulus reported at 10 K, which is 1397 GPa·Å in the x-axis and 1356 GPa·Å in the y-axis, which tally well with our computed in-plane stiffness of 1335.5 GPa·Å. Despite the differences in computational procedure between MD and DFT calculations, we observe no strong discrepancies in the obtained numerical results between our work and that reported in [14] . When symmetric deformation (bi-axial tensile strain) is applied, bandgap is increased (see Figure. 4 ). This is obviously shown in the band structure and DOS Figures. 5b, d .
The increase in bandgap can be explained as follows. From the PDOS Figures. 5f, h of strained s-triazine sheet (3% bi-axial tensile strain), we observe a uniform shift of p z -like states towards higher energy as the bi-axial tensile strain is applied, resulting in an increased bandgap. As previously reported in our recent work, the symmetric deformations make the lone pairs (contributed by px, py) to become disoriented, thereby causing p z -like orbital to shift towards higher energy as a result of reduced steric repulsions of the px, py lone pairs. We also observe no change in structural (see Figure.1 side view of the s-triazine sheet) and electronic (see Figure. 5i) properties at a maximal of 10 V/nm perpendicular electric field amplitude compared to the results at zero electric field (see Figure. 1 and Figure. 5a ).
Summary
In this study we use DFT calculations to examine the mechanical and electronic properties of s-triazine sheet. We have shown that the in-plane stiffness and bulk modulus for s-triazine sheet have lower values than that of heptazine. The lower value of in-plane stiffness and bulk modulus in comparison with heptazine sheet can be linked to the inherent structural futures of the s-triazine sheet in terms of covalent bonds linking the adjacent sheets and the number of atoms per unit cell. The Poisson's ratio of s-triazine is half the value to that of graphene. Interestingly, our computed values of the two critical strains (elastic and yielding points) of s-triazine sheet are in the same order of magnitude to that of breaking point for heptazine material which was reported using MD simulations. We have also shown that the s-triazine sheet can withstand larger tension in the plastic region. There is a linear relation between bandgap and the symmetric deformation as a result of applied bi-axial tensile strain.
Reduction in the steric repulsion of the lone pairs causes the p z -like orbitals to shift towards higher energy, rendering an increase in the bandgap. We find no modulations in the electronic properties of the sheet under electric field up to a maximal value of 10 V/nm. Table 2 Numerically calculated mechanical properties obtained from the strain energy curves in Figure 3 . while the continuous lines are best-fit curves to these data points. The dotted curves are harmonic potentials fitted to the data points centered in the ±2 strain region. Figure 4 The dependence of bandgap on uniform bi-axial tensile strain for s-triazine sheet.
(i) Figure 5 The band structure, and the corresponding total and projected densities of 
